We have previously identified three regions (called elements) in the DNA-binding domain of simian virus 40 large tumor (T) antigen which are critical for binding of the protein to the recognition pentanucleotides GAGGC at the viral replication origin. These are elements A (residues 147 to 159), Bl (185 to 187), and B2 (203 to 207). In this study, we generated mutants of simian virus 40 in order to make single-point substitution mutations at nearly every site in these three elements. Each mutation was tested for its effect on virus replication, and T antigen was produced from all replication-negative mutants. The mutant proteins were assayed for binding to several different DNA substrates and for helicase activity. We found that within each element, mutations at some sites had major effects on DNA binding while mutations at other sites had moderate, mild, or minimal effects, suggesting that some residues are more important than others in mediating DNA binding. Furthermore, we provide evidence that certain residues in elements A and B2 (Ala-149, Phe-159, and His-203) participate in nonspecific double-stranded and helicase substrate (single-stranded) DNA binding while others are involved in sequencespecific binding at the origin. The residues in element Bl (primarily Ser-185 and His-187) take part only in nonspecific DNA binding. The amino acids important for nonspecific DNA binding are also required for helicase activity, and we hypothesize that they make contact with the sugar-phosphate backbone of DNA. On the other hand, those involved in sequence-specific binding are not needed for helicase activity. Finally, our analysis showed that three residues (Asn-153 and Thr-155 in element A and Arg-204 in element B2) may be the most important for sequence-specific binding. They are likely to make direct or indirect contacts with the pentanucleotide sequences at the origin.
The mechanism by which simian virus 40 (SV40) large tumor (T) antigen binds to sequences at the origin of viral DNA replication is not known. We (26, 27) and others (2, 33) have shown that the region of T antigen which is responsible for binding to DNA maps from residues 140 to about 260. This region does not appear to contain any previously characterized DNA-binding motif.
Papovavirus T antigens recognize the pentanucleotide sequence GAGGC at the origin of virus DNA replication (9-12, 22, 23, 34, 35) . This sequence is present at T-antigenbinding sites I and II in SV40 DNA (9, 12, 34, 35) . Sites I and II also contain A/T-rich tracts which induce DNA bending (7, 24) . DNA bending is important for efficient binding of T antigen, especially at site I (24) . In addition, site II, which constitutes the minimal core replication origin (7) , contains an imperfect palindrome where DNA melting first occurs (4) . Recently, Parsons et al. (21) have shown that T antigen can melt the imperfect palindrome in the absence of other origin sequences, suggesting that the protein interacts with it as well.
T antigen has a helicase activity (30) which may function at replication forks in unwinding parental strands. Recently (37) , we showed that the helicase domain on T antigen (residues 131 to 616) extends from the beginning of the DNA-binding domain to the end of the ATPase domain. Our results (37) and those of others (3) strongly suggested that the DNA-binding domain of T antigen which is responsible for specific binding to the viral origin also binds nonspecifically to double-stranded and single-stranded DNA. We have also recently demonstrated (29) that four major and nonspecific DNA binding. These elements mapped to residues 152 to 155, 182 to 187, 203 to 207, and 215 to 219. The first three elements (Al, Bi, and B2) were shown to be important for sequence-specific binding to sites I and II on the DNA, whereas the fourth element (B3) was found to be important in binding to site II only. On the basis of these observations, it was hypothesized that elements Al, Bi, and B2 are required for binding to the GAGGC pentanucleotides and that element B3 binds to some other sequences in site II, perhaps to the imperfect palindrome. Element Bi was shown to be primarily involved in nonspecific binding to DNA. For this report, we examined the first three elements in more detail by generating conservative mutations in and around each element. By testing the effects of these mutations on virus replication, DNA binding, and helicase activity, we determined the amino acid residues that are important for each activity. We have distinguished residues that are important for origin-specific binding from those that are involved in nonspecific binding and helicase activity. The information that we have obtained will be useful in understanding T-antigen-DNA interactions.
MATERIALS AND METHODS
Plasmids. pBS-SV40 contains the entire SV40 genome inserted into the BamHI site of Bluescript (Stratagene) (16) . pSKAT contains the SV40 T antigen gene inserted between adenovirus type 5 map units 0 to 1.4 and the major late promoter of adenovirus type 2 (29) . pSVO+ contains T-antigen sites I and II, pOS1 contains site I, and pSVOdl3 contains site 11 (32) .
Mutagenesis. Mutations were generated in pBS-SV40 or pSKAT by annealing oligonucleotides with a single mis- (30) . DNA-binding activity of mutant T antigen is reported as a percentage of the activity of wildtype T antigen.
DNase protection footprinting assays. DNase protection assays were performed under DNA replication conditions as described by Deb and Tegtmeyer (8) . Fragments of T antigen (mostly containing sequences 131 to 708) were produced by trypsinization of immunoprecipitated T antigen (20 ,ug/ml for 30 min at 0°C) as previously described (26) . T-antigen fragments (0.5 to 2 ,ug) were incubated with about 2 ng of a HindIII-NcoI fragment of pSVO+ containing T-antigenbinding sites I and II and which was labeled at the HindIlI site. After 1 h at 37°C, the DNA was nicked with DNase (0.25 U/ml) for 5 min at 23°C and purified by phenolchloroform extractions and ethanol precipitation. The DNA was denatured in formamide sample buffer and applied to a 7.5% acrylamide sequencing gel. As sequence markers, the same labeled DNA fragment was applied to the gel after treatment by the "G-only" reaction of Maxam and Gilbert (17) .
Helicase assays. Helicase assays were performed by incubating solubilized tryptic fragments of T antigen (about 0.5 to 1 ,ug) with 32P-labeled helicase substrate as described previously (30, 37 substrate was detected by gel electrophoresis and autoradiography as described previously (30) .
RESULTS
Mutational analysis of element A. As described in our previous report (29) , we generated single-point substitution mutations in the DNA binding domain of SV40 T antigen. The mutations were chosen so as to make the mildest possible change (threonine for serine, lysine for arginine, leucine for isoleucine, etc.) in order to minimize effects on overall structure and stability. Our rationale was that mild mutations would most likely lead to the identification of amino acid residues which make contact with DNA.
Our earlier work (29) implicated three regions (called elements) within the domain in the binding to site I and four elements in the binding to site II at the SV40 replication origin. These conclusions were based on the effects of mutations generated at regular intervals within the domain.
Mutations were concentrated in or around these elements, but not every site was mutated. In the present work, we generated mutations at nearly every position in and around elements A, Bi, and B2. These three elements contain the sequences which are essential for the binding of T antigen to the recognition pentanucleotides at the origin. Figure 1 shows the sequence of element A in SV40 T antigen and the corresponding sequences in the T antigens of five other papovaviruses. This region is fairly well conserved, especially between residues 145 and 155. Mutations were generated at every site, with the exception of position 158 (Fig. 1) Fig. 1, 3, and 5 ) or absence (-in Fig. 1, 3 , and 5) of a detectable displaced primer band (30) . The phenotypes of the mutant proteins with changes at residues 149 and 159 were similar in that nonspecific binding to double-stranded (D) and single-stranded (SS, helicase substrate) DNA was seriously affected and in that both mutants lacked helicase activity (Fig. 1) . Likewise, the two mutants with changes at residues 153 and 155 were similar in that they both had very low levels of specific binding to either site I or II on the DNA, whereas nonspecific binding and helicase activity were either unaffected or marginally affected. Mutations at position 147 and 152 had more moderate effects on specific DNA binding, but all other activities were similarly unaffected. Finally, two mutations (at residues 148 and 151) in this region had a minimal or no effect on DNA binding and helicase activity while having a major effect (at least a difference of 104 in titer) on virus replication.
The effects of mutations in this region on binding to sites I and II on the DNA was verified independently by performing DNase protection footprinting assays (Fig. 2) . Unlike the DNA-binding assays done for Fig. 1 , footprinting assays were performed under DNA replication conditions in the presence of ATP in order to maximize binding to site 11 (5, 8) . DNase protection footprinting assays of some of the mutants with changes in element A are shown in Fig. 2 . The results are consistent with those of the quantitative assay used in Fig. 1 Fig. 1 . Similarly, T antigens of mutants 147ST (147 Thr) and 149AG (149 Gly) protected both sites weakly while the T antigen of mutant 152ST (152 Thr) protected both sites somewhat better (compare with the numbers in Fig. 1 ). Finally, the T antigen of mutant 151FY (151 Tyr) and 148HN (not shown) protected both sites like wild-type T antigen.
These results implicate residues Ser-147, Ser-152, Asn-153, and Thr-155 in sequence-specific binding to both sites I and II at the origin. Of these, residues 153 and 155 appeared to be the most important, on the basis of the large effects of mutations at these two sites. On the other hand, the data implicate residues Ala-149 and Phe-159 in nonspecific binding to double-and single-stranded DNA and in helicase activity. Notice that all of these six amino acid residues are perfectly conserved in all papovavirus T antigens (Fig. 1) . Mutational helicase activity are also seriously affected (Fig. 3) . Therefore, mutations at these two sites lead to a phenotype similar to those of some mutations in element A (at residues 149 and 159). Unlike the major changes in activity associated with mutations at residues 185 and 187, a mutation at position 186 had only slight effects on DNA-binding activity in the quantitative assay and no effect on helicase activity. DNase protection experiments (Fig. 4) showed that it had a more severe effect on DNA binding under replication conditions. Footprinting assays with mutant T antigen from 185ST (Fig.  4) confirmed its loss of sequence-specific DNA-binding activity (T antigen from the 187HP and 187HR mutants gave similar results; not shown).
Mutational analysis of element B2. Element B2 spans residues 203 to 207 and is highly conserved among papovavirus T antigens (Fig. 5 ). There is a change only at residue 206 in the hamster papovavirus T antigen. This position also appears to be the least important in the element on the basis of the fact that a mutation (Ser to Thr) there had no effect on virus replication (Fig. 5) (29) . Changes at positions 205 and 207 affected specific DNA binding to sites I and II much less so (Fig. 5) . This was confirmed by DNase protection assays (Fig. 4 and data not shown) . Therefore Fig. 2 . The lane marked "G" contains DNA reacted under "G only" sequencing conditions (17) . Abbreviations are defined in the legend to Fig. 2 .
DISCUSSION
Three regions of T antigen important for nonspecific and sequence-specific binding to DNA are shown in Fig. 6 . Elements A and B2 consist of amino acid residues that are necessary for nonspecific or specific binding activity, while element Bi appears to contain residues involved only in nonspecific binding. Although other regions in the DNAbinding domain are important for overall structure and function, these three elements form the core of origin recognition.
On the basis of the magnitude of the effects of mutations at Asn-153, Thr-155, and Arg-204, these three residues seem to be the most important in the proper recognition of origin sequences (Fig. 6) . Mutant T antigens with changes at these positions bound very poorly to both sites but were still capable of binding nonspecifically to double-and singlestranded DNAs and had helicase activity. Since both sites I and II contain the GAGGC recognition pentanucleotides, it seems likely that these three amino acids are involved in pentanucleotide binding. Although there are several possible ways in which they could mediate specific binding, one that we favor is that the residues are involved in direct or indirect contact with bases on the DNA. All three amino acids have the potential to make direct or solvent-mediated contacts with nucleotides, as determined by crystallographic studies of various procaryotic DNA-bindng proteins (1, 14, 20, 31) . Threonine and several other residues (Ser, Pro, and Phe) have, as well, been shown to make van der Waals interactions with nucleotides in DNA (1) .
In addition to the three residues listed above, several others are probably involved in binding to the pentanucleotide sequences, although they may be less likely to participate directly in the binding reaction. These are Ser-147 and Ser-152 in element A, and Val-205 and Ala-207 in element B2 (Fig. 6) lues, being polar, can make hydrogen bonds with nucle-
The results described in this paper are generally consistent bases (1, 14, 20, 31) , so it is conceivable that residues with those of our previous report (29) We note that each residue in elements A and B2 which is lues. It is also possible that these residues are important implicated in specific or nonspecific binding is completely onspecific DNA binding since this activity was reduced conserved in all known papovaviruses ( Fig. 1 and 5) . This e mutants. However, in our previous study (29) , both observation supports our contention that these sites are important. 64, 1990 polyomavirus sequence shown in Fig. 3 . The histidine in the polyoma sequence under position 188 (actually residue 341) might therefore perform the same function as His-187 of SV40 T antigen. We hypothesize that the polypeptide chains corresponding to elements A and B2 are positioned in the major groove of DNA and participate in the proper recognition of 3' ACT 3 'base pairs. It has been suggested that the specific DNA recognition domain of T antigen fits in the major groove of DNA (12) . Since one complete turn of B-DNA is 10 base pairs, GAGGC pentanucleotides would occupy one-half turn or one major groove. According to our model, certain residues in elements A and B2 are accomodated in the major groove and are involved in pentanucleotide binding. Of the five base pairs, the third and fourth G Cs and the last C -G are probably the most important (9) . Dimethylsulfate protection experiments (9) showed that all guanine bases within pentanucleotides probably make contact with T antigen. At this time, we are not able to assign possible amino acid-base contact pairs, since Arg, Thr, and Asn are capable of H bonding several different bases, including guanine. Besides, one cannot exclude the possibilities that some contacts are water or cation mediated (20) and that specific interactions are due to van der Waals forces, not H bonds.
The correlation between nonspecific DNA binding and helicase activity (Fig. 6) indicates that all nonspecific contacts with DNA are required for helicase activity. This suggests that the helicase is dependent on the continuous interaction with DNA. This activity is, however, totally independent of specific DNA binding (Fig. 6 ), in agreement with previous observations (3).
In conclusion, we have identified the residues which are most likely involved in specific binding to pentanucleotide sequences at the origin and those involved in nonspecific binding and helicase activity within the DNA-binding domain (Fig. 6 ). Although we cannot exclude the possibility that other unidentified residues function directly in pentanucleotide binding, we believe that most of them are described in this study. How these amino acids are oriented relative to the DNA is a question of great interest which, however, can only be answered by X-ray crystallography of T-antigen-DNA cocrystals.
